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by R. J. Parker, E. V. Zaretsky, and W. J. Anderson 
Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland, Ohio 

ABSTRACT 

A significant portion of total ball-bearing friction results from 
friction due to sliding or spinning in the contacts of the balls and races. 

A brief review of the nature of this ball -race contact including analyses of 
ball spin and microslip and the factors contributing to the problem are 
presented in this paper. 

NOMENCLATURE 


A 

a o 

b 

b' 


d 

E 

E(k) 
e,e' ,e" 
F 


contact area, sq. in. 

semi-major axis of contact ellipse, in. 

semi-width of contact of two cylinders in contact, in. 

semi -width of no slip region of two cylinders in contact, in. 

semi-minor axis of contact ellipse, in. 

distance from center of contact area to center of no slip region, in. 
ball diameter, in. 
pitch diameter, in. 

Young's modulus of elasticity, psi 

complete elliptic integral of the second kind 

surface displacements, in. 

friction force, lbs 

rolling resistance, lbs 

coefficient of kinetic friction 
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f coefficient of spinning friction 

K elastic constant 

k modulus of complete elliptic integral of the second kind E(k) 

M bearing torque due to spinning, lb-in. 

M ball spinning moment, lb -in. 

n number of balls 

Pjj normal load per unit length of two cylinders in contact, lb/i’n. 

p Wo normal ball load, lb 

2 

Q,Q',Q" tangential traction, lb/in 

Q s frictional heat generation due to ball spinning on race, Btu/min 

q tangential force per unit length of two cylinders in contact, 

lb/in. 

R radius of ball or cylinder, in. 

r’ polar coordinate distance, in. 

r^ limit of r integration, in. 

S xy compressive stress acting on any point on the contact area, psi 

Sy compressive stress for two cylinders of unit length under 

rolling contact, psi 
U peripheral velocity, in/min 

V velocity, in/min 

x,y,z distance in principal direction, in. 

xq, 0,2,0,^^ angles defined in figures 3 and 4, deg 
3 bearing contact angle, deg 

(3 inner -race contact angle at load and speed, deg 

3 outer -race contact angle at load and speed, deg 
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y rolling factor 

5 Poisson's ratio 

A contact factor 

| slip ratio for two cylinders in rolling contact 
I slip ratio for ball rolling in conforming groove 

p radius of groove, in. 

cp polar coordinate angle, deg 

oo angular velocity, rad/min 

INTRODUCTION 

The rolling contact phenomenon, the interaction of two or more 
bodies in rolling contact, has been the subject of much study, debate, 
and controversy for several decades. Many unresolved questions currently 
exist, in addition to numerous new problems which develop as machine 
elements become more complex and as loads, temperatures, and speeds 
increase within these elements. 

In order to understand the various factors influencing rolling- 
element design, fatigue, and lubrication, an understanding of bearing 
kinematics is a prime prerequisite. While considerable analytical 
and experimental work have been conducted in this area, a summation 
under one cover at the time of this writing was nonexistent. Therefore, 
it is the objective of this article to treat rolling element kinematics 
in its most elementary comprehensive form. A review of the kinematics 
of rolling element bearings will be presented with specific emphasis 
on ball bearings under a thrust load. The effects on overall bearing 
friction losses of ball spinning and of rolling with microslip and 
elastic compliance will be discussed. 
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BALL MOTION IN AN ANGULAR CONTACT RACEWAY 
Fatigue in bearings is a phenomenon dependent on element loading 
and rate of cycling. The rate of cycling is dependent on bearing 
geometry, the number of rolling elements, and the angular velocity of 
the inner race. 

In figure 1 a section of an angular contact ball bearing under 
pure thrust load is shown. If is the angular velocity of the inner 
race, the velocity of point A is 

V A = co, AB (1) 

Similarly, if ( 0 Q is the angular velocity of the outer race, 
then the velocity of point C is 

V c = 0) o CD (2) 

The velocity of the ball center V q is 

V o - | < V A + V 

Substituting equations (l) and (2) into equation (3) gives 

r®. a) t 

V o = 2 It (E - a cos P) + Y (E + d cos 3) (4) 

The angular velocity of the separator or cage and the ball set 
about the shaft axis is 


co 

o 



(5) 


Then 


co 

o 


1 

2 


co, 




+ CJO ll + 


d cos 3 


E 


3 


( 6 ) 


The speed of the separator when the outer race is fixed is 
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“= - T f ' ^ ) <’> 

Since p < 90°, the separator speed is always less than half the 
shaft speed. When both races rotate, the speed of the inner race 
relative to the separator is 

«L/c = ^ - % = \ K - (i + ~ C ° S P ) (8) 

The speed of the outer race relative to the separator is 

CD / = CD - CD = i (CD - CD. ) (l - — - C 2g ... P^ 

o/ c o c 2 v o i' \ E J (9) 

From equations (8) and (9), the speed of the inner race relative 
to the separator is always greater than that of the outer race relative 
to the separator; therefore, a point on the inner -race ball track 
will receive a greater number of stress cycles per unit time than will 
a point on the outer race. 

For ball bearings that operate at nominal speeds under a thrust 
load, the centrifugal force on the balls is negligible and the forces 
that keep the ball in equilibrium are the two contact forces . For 
such conditions, the contact forces are equal and opposite, and the 
inner- and the outer-race contact angles are approximately equal. 

The motion of a ball in angular contact ball bearings has been 
experimentally observed by Shevchenko [l] and by Hirano [2]. Shevchenko 
utilized high speed photography and Hirano measured the change in 
magnetic flux induced by a magnetized ball. Both means of observation 
were successful in determining the ball angular velocity and the axis of 


rotation of the balls. Results of these tests will be discussed later. 
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BALL SPIN 

Spinning moment . - The previous section treated the velocities of 
bearing components in their most simplified form. In a thrust loaded 
ball bearing another velocity component, ball spin, is introduced. 

Ball spinning is responsible for a major portion of the overall 
friction in a thrust loaded bearing and can account for high heat 
generation rates [3]. Measurements of ball spinning friction have been 
performed by Reichenbach [3] and Miller [4] for various geometries 
and loads. Ball spinning moment in an angular contact ball bearing 
was determined by Poritsky, et al. [5] by integrating the friction 
force over the contact ellipse. Figure 2 illustrates the contact 
ellipse over which sliding due to spinning takes place. Since the 
sliding motion is a rotation about the ellipse center, the direction 
of sliding is normal to the radius vector to the point (x,y) as shown. 
The friction force is assumed to be in the direction opposite to that 
of sliding and of a magnitude proportional to the normal compressive 
force 

dF = fgS^ dA (10) 

where f is the coefficient of spinning friction (assumed independent 
s 

of the contact stress S xy ) and dA is the element of area. Intro- 
ducing polar coordinates r, <p, the moment of the local friction force 
is seen to be 

ffl s " f s V 

= f s S xy r2 & dc P 


( 11 ) 
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where S is given by 
"*sy 


3P- 

^xy = 2na 


Sfe [> - (S ! ■ (Sf 1 


( 12 ) 


Substituting from equation (12) into equation (11), and introducing r, 


9, one obtains for the net moment 

2it r 1 


M s " 2jtaJa 



oo 


r 

r~ ~ 

'I 

1 

(1 y (1 y 

2 V 

I 1 ' 

1 — cos q j + ( ^ sin 9 J 

r 

l 

V V — 

J 


1/2 


dr cUp (13) 


where the limits of integration for r go from. 0 to the edge of the 
ellipse 


a b 
o o 


r ? 

(b Q cos 9/ + (a Q sin cp)^ 


(14) 


The integration with respect to r may be carried out in terms of 
elementary functions. The 9-integration leads to a complete elliptic 
integral of the second order. Hence, 


M = | f P. T a E(k) 
s 8 s No o ' ' 


(15) 


where 



Ball spinning plus rolling will occur at one race contact, whereas 
rolling without spin will occur at the other even if the contact angle 
P is equal at both races. Rolling without spin will occur at the con- 
tact where the ball spinning moment is the greater. For the angular 
contact bearing illustrated in figure 1 having equal race curvatures, 
the semi -major axis of the contact ellipse will be greater at the inner 
race than at the outer race. Hence, the spinning moment will be greater 
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and rolling will occur at the inner race. At the outer race, spinning 
plus rolling will take place. This action is known as inner-race ball 
control. 

Race curvature directly affects contact ellipticity. Thus, 
differences in race curvature at the inner and outer races will cause 
differences in spinning moments at the two race contacts and will govern 
where ball control takes place. Ball centrifugal force, which may be 
significant at high speeds, increases the load at the outer race, and 
ball control is generally shifted to the outer race. 

In summation, if 

M s > M s 

(inner) (outer) 

then rolling will occur at the inner race while rolling with spinning 
will occur at the outer race. This phenomenon is referred to as inner 
race control. If, on the other hand 

M s < M s 

(inner) (outer) 

rolling will occur at the outer race while rolling with spinning will 
occur at the inner race. This is referred to as outer race control. 

The kinematics of a ball bearing is greatly affected by ball control. 

Spin velocity . - Once the race where ball control occurs has been 
determined, the ball spin velocity can be calculated. Ball spin velocity 
is a function of the contact angle and the inner race speed. Figure 
3(a) represents an angular contact ball bearing under thrust load with 
ball control ^t the outer race. From this figure. 


B 


®i ! - I c ° B e i 


( 17 ) 
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Solving for tan ctg. 


tan = 


CO 

OA 

sin B 


( 18 ) 


E , Q 

- + COS P 

d o 


From figure 3(a) 

p 2 p i p 0 2 
Solving for sin 


(19) 


BD 

sin cu = 

BA 


sin p, 


( 20 ) 


A J 

r E/d i 

2 

O 

E/d 1 

p72 

l 1 

^sin (P c - Og)^ 


Ci 

sin (P Q - og) 

COS \1 1 


Solving for a^^i, 


B 

“Wl" — • 

oo ± [ (E/d.) - cos P i ] 
(sin + tan og cos a-j_) 


( 21 ) 


1 



r -i 

o 

~ — 

Yl72 

) 1 + 

E/d 

C 

P 

... E/d 

COS \1 > 

l 

sin(P o - a 2 ) 

— u 

sin(p Q - a 2 ) 


Referring to figure 3(b) and solving for the velocity of the ball 
relative to the velocity of the inner race, 

%/i - %au - “i < 22 > 

Solving for the angle \|r, 

t = Pi - p 0 + ^2 (23) 

The angular velocity of the ball relative to the angular velocity of 


the inner race can be written 
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%/i = “ri + “si . 

Solving for the spinning velocity at the inner race 
co^i = sin t + co^ sin P_^ 

Substituting equations (21) and (23) into (25) 

o\[(E/d) - cos P i ]/(sin + tan cos a^) 

“>72 


co . = 

SI 


1 + 


sin(P 


E/d 


Vj 


- 2 


E/d 
sin(P 


o 


cos^J 


(24) 


• sin(P i - P Q + cxg) + aij_ sin Pj^ (26) 

Eor hall bearings that operate at nominal speeds, centrifugal forces 
are negligible and the contact angles at the inner- and outer-races 


remain essentially equal. Thus for outer race control, if P Q = p ± , 

equation (21) becomes 

co. (E/d - cos P. ) 

%all * ~ ~ 2 cos cw, * < 27 > 

and \|f = (%2 and equation (25) becomes 

“si = “ball sin “2 + “i s i n &± (28) 

Substituting equation (27) into equation (28) 


co 


si 


co. (E/d - cos P.)sin a 

X 1 Ci 


2 cos a. 


+ co^ sin P^ 



(29) 


Referring to figure 4(a), there is shown a similar bearing but with 

inner-race control. Comparing figure 4(a) with figure 3(a), it can 

readily be noted that the kinematics are different due to the fact that 

rolling occurs at the inner race contact. The solution to co is 

so 

similar to that of co . . Solving for the tangential velocity of the 



11 


ball at point B, V. 


B 


V B = Btto. 


co,. 


= — (E - d cos 
Solving for tan a^, 

tan cc^ = 

AB 


sin P ± 


E/d - cos P^ 


( 30 ) 


(31) 


Now assuming a cone rolling about line of zero velocity 


B 


°Wl = 

BG 

From figure 4(a) 


(32) 


tan a-^ = — — 


BD 

AD 


and 


DG 

tan a 9 = 

* AD 


Adding equations (33) and (34) 


(33) 


tan a, + tan a ? = + ^ 

AD AD 

Substituting equation (35) into equation (32) 


%all = 


B 


AD(tan a + tan a g ) 


(35) 


ok sin P^ 


(tan + tan a^Jcos a^ 


( 36 ) 
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Solving for Ogj from figure 4(a) 
a g = n - 9 - p 


and 


“ f + "l + P i - P o 


Solving for p from the law of cosines, 

l2 


CA 2 = f |\ + OA 2 - 2 


|) (° A) 


COS |i 


OA 2 = ^|j + CA 2 - 2^j (CA) cos Q 

and from figure 4(a), 


CA =' d 


2 sin cl 


(37) 

(38) 

(39) 

(40) 

(41) 


Substituting equations (40) and (41) into equation (39), rearranging, 
and simplifying 


cos jjl = 


d r + M 2 - TJK 2 


2(£ (OA) 


sin a - cos 0 


(42) 


- 172 

(sin + 1 - 2 cos Q sin au^) 


In order to solve for determine the value of a,^ from equa- 

tion (31) and determine the value of ctg from equations (37), (38) and 
(42). Then 1 is obtained from equation (36). 

Referring to figure 4(b), the spinning velocity at the inner race 


is 


“so = %all sin(fJ i + “1 - P o> 


(43) 
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For the special case where the contact angles 0^ and P Q axe 
equal, the spinning velocity at the outer race for inner race control 
is given by 

“so = %all sin °1 (44) 

The effects on bearing operation of ball spin can be seen once the 

spinning moment, spinning velocity, and the location of race control 

have been determined. 

The heat developed in the ball -race contacts due to spinning is 
given by 

Q « nco M (45) 

s s s 

The bearing torque due to spinning is then given by 


M = 



(46) 


1 

The frictional heat generated at the ball -race contact where 
spinning takes place accounts for a significant portion of the total 
bearing friction loss. Where centrifugal forces are significant, the 
normal load at the outer race-ball contact is increased and the resulting 
divergence of contact angles tends to increase the spinning velocity, 
and aggravate the problem of heat generation. 

The effects of ball spinning can be minimized by decreasing the 
size or mass of the balls, using more open race curvatures, and by 
using smaller contact angles. Care must be taken in adjusting the 
latter two design features since the resulting increase in stress could 
produce a significant decrease in fatigue life . 
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The heat generation in the hall -race contacts can cause thermal 

gradients in the hearing which induce thermal stresses which in turn may- 

affect fatigue life. In addition, this heat generation must he minimized 

for hearings used in cryogenic or other marginal lubrication applications 

as shown hy Scihhe and Anderson [’8] • 

Another factor that may further complicate the analysis of motion 

in a hall hearing under thrust load is the gyroscopic moment that acts 

on each hall. This gyroscopic moment, which may he great enough to cause 

slip at the hall -race contact in high-speed lightly-loaded hearings with 

large halls, results in a skewed direction of the rolling axis so that 

co „ , does not lie in the x-z plane of figure 3. Hirano in reference 
hall 

[2] has shown that consideration of this gyroscopic moment was necessary 
to explain his experimental results with the theoretical works of Jones 

C 7 3 .. 

SLIP AND ELASTIC COMPLIANCE OF BODIES IN CONTACT 
True rolling, in which no relative slip of the contacting surfaces 
of two bodies under a normal compressive load occurs, is for all practical' 
purposes nonexistent. For true rolling to occur, (a) the contacting 
materials must he perfectly inelastic or (h) the local tangential fric- 
tion force developed in the contact area must equal or exceed the force 
necessary to cause local tangential elastic deformation and prevent 
interfacial slip. The latter phenomenon is known as elastic compliance. 

The solution of slip within the contact region has been summarized 
and discussed hy Johnson [9]. Carter [lO] presented the solution to 
the two-dimensional problem and, subsequently, Poritsky [ll] discussed 
the problem in more detail. 



15 


Referring to figure 5, there is shown two cylinders of unit length 
of radii R 1 and Rg in rolling contact at peripheral velocities : 
and U 2 under a normal force P^ producing a Hertzian contact of width 
2b with a stress distribution of S^. A tangential force q due to 
kinetic friction f fc is present without sliding where q < f^P^. 

(Slip is to be differentiated from slide as follows: slip refers to a 

relative velocity at a point in the contact area, whereas slide refers 
to overall body movement associated with slip at all points in the con- 
tact area.) 

Where complete slip is present in the contact area, at a specific 
value of y on the contact area the tangential traction is 


Q* = f.S = 
k y 


2f kW A 1 / 2 

*b ^ 


(47) 


The traction produces surface strains in the contact area given by 
4f P K y 

c>e ’ k N , 

ST jr- (48 > 


where the elastic constant 
2 


K 


1 - 5 ] 
«E n 


(49) 


To obtain a region of no-slip a second tangential traction given by 


Q" = - £- 


lA 2 2f P 
,A k M 

jtb 


_ix_ ±jlL 


1/2 


(50) 


acting over the strip of width 2b’ (the no slip region) is added to 
Q', equation (47), to give a value Q. The strains due to Q", by 



analogy with equation (48), are given by 


Se" . fvf 4 W y * C)K 

dy V b / b ,2 


4f P (y + c)K 
k W 


( 51 ) 


These distributions of traction and strain are illustrated in figure 6(a) 
Thus the net strain in the no slip region is 


Be Be 1 . Be" 

3^ = "Si? 

(52) 

4f P Kc 

k N , 

= 5 — = constant 

b^ 

Applying equation (52) to each body in turn and remembering that 
the traction on the lower surface is opposite in sign to that on the 


upper surface gives a slip ratio 


AU 

U 


2 < U 1 - V _ Se i _ Se 2 

(^ + U 2 ) By 5y“ 


4f P (K + K )c 
k N 1 2 

- = constant 

b 2 


(53) 


The value of b 1 is determined by the equilibrium of the integrated 
traction Q with the applied force q , resulting in 
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In figure 6(a), for rolling contact 

c = b - V (55) 

Where the bodies are stationary, the center of no slip or locked region 
coincides with the center of the contact area as shown in figure 6(b), 
therefore c = 0. 

Solving for c in equation (55) in accordance with equation (54) 
the expression for the slip ratio between two cylinders equation (53) 
becomes 


I 


4 W K i 


V 



(56) 


The case of a ball rolling on a grooved surface is somewhat differ- 
ent than a cylinder or roller in rolling contact with smother roller or 
a plane surface. As shown in figure 7, the ball rolls about the X - X* 
axis and makes contact with the grooved surface from points 1 to 4. 

If the groove is fixed, then for zero slip over the contact ellipse 
no point within the ellipse should have a velocity in the direction of 
rolling. The surface of the contact ellipse is curved, however, so 
that the points 1 and 4 are at different radii from the X - X' axis 
than are points 2 and 3. For an inelastic ball, points 1 and 4 must 
have different velocities with respect to the X - X' axis than do points 
2 and 3 because the velocity of any point on the ball relative to the 
X - X' axis equals the angular velocity times the radius frcm the X - 
X' axis. Slip must occur at various points over the contact ellipse 
unless the body is so elastic that yielding can take place in the con- 
tact area to prevent interfacial slip. The theory of Reynolds [12] and 
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later Heathcote t 13] assumed that the interfacial slip took place, and 
that the forces required to make a ball roll are the forces required to 
overcome the friction due to interfacial slip. In the contact ellipse, 
according to Heathcote' s theory, rolling without slip will occur at a 
specific radius from the X - X' axis. Where the radius is greater 
than this radius to the rolling point, slip will occur in one direction, 
and, where it is less than the radius to this rolling point, slip will 
occur in the other direction. In figure 7(b) the lines to points 2 and 
3 represent the approximate location of the rolling bands, and the 
arrows shown in the three portions of the contact area represent the 
directions of interfacial slip when the ball is rolling out of the page. 

The location of the two rolling bands relative to the axis of the 
contact ellipse can be obtained by means of a summation of the forces 
acting on the ball in the direction of rolling. 

This problem was solved by Anderson [14], Hailing [l5] , and 
Johnson [9] . The solution that follows is that of Johnson [9] . 


Referring again to figure 7, the ball of radius R rolls in a 
closely conforming groove of radius p . A normal load P-p. produces 
an elliptical contact area having semi -major and semi-minor axes a Q 
and b Q respectively (fig. 8) which, it will be assumed, are given 


with sufficient accuracy by the Hertz theory. 
From the Hertzian equations [16 and 17] , 



o 


3P N (K + KjR 

O 1 c 

2M 0 


(57) 


where 
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A = 


1 -f 

_2p 

E(k) 





and E(k) is the complete elliptic integral of the second kind, 
compressive stress , acting at any point is as follows [ 17 ] 


(58) 


(59) 


The 


3P. 


N 


■ - ( 


iV 

*oJ 


1/2 


(60) 


xy 2 rt a 0 h 0 

Assuming that the transverse profile of the hall can he specified 


by 


z » 


2 

x 

2R 


(61) 


the peripheral velocity of points on the surface of the hall is given hy 



while points on the groove move with a constant velocity Ug. Heathcote 
[13] maintained that rolling without sliding would take place on two 
hands , symmetrically disposed about the center line of the contact 
ellipse. However, as previously discussed, this conclusion takes no 
account of the ability of the surfaces to deform elastically and accomo- 
date the difference in velocity hy an extension of one surface and a 
compression of the other. 
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Johnson [9] analyzes the problem of tangential elastic compliance 
by dividing the elliptical contact area into thin slices parallel to the 
rolling direction and then applying the two-dimensional Carter-Poritsky 
theory to individual slices, neglecting any interaction between them. 
This approach is expected to be valid where the contact ellipse is 
narrow in the direction of rolling,.. 

Referring to figure 8, consider a strip at a distance x from the 
center line, then by equations (53) and (62) 


. g i - U 2 L U 2 x 2 

cdR oR 2R' : 


(63) 



where £ is the slip ratio for the strip and | is the slip ratio 
for the overall motion of the ball. 

To apply the solution for two cylinders in contact to each individual 
strip, substitute equation (53) into (63). Then 


4f k V K i + 



(64) 


where the semi -length of the strip 

211/2 


b = b 


{ * fe) J 


(65) 


and where is the intensity of load per unit length on the strip. 

Solving for P. 


N 


H = 4b 2 a = + K 2> 

o o 


( 66 ) 
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from Hertzian equations and equations (57) and (60). 

Substituting equation (66) into equation (64) and rearranging gives 
2H 


c 

b 



(67) 


Multiplying equation (67) by Ra c /Ra Q 


and combining terms gives 


c 


b 4f RXb 
k 




Let 


T 


2 



( 68 ) 


(69) 


Then 


£ 

b 


4f k RAb 




(70) 


It follows from the theory of two rollers in contact, some slip 
will occur at the trailing end of the elemental strip for which the 
slip ratio | is not zero. Equation (70) defines the amount of slip 
at any value of x. There will be no slip where c is zero. At this 
value of c, x = + Ta Q . At other values of x some slip occurs, (c/b 
cannot exceed unity, which corresponds to complete slip of the strip.) 

The tangential force per unit length transmitted by each strip is 
found from equations (54) and (55) where 



Using equation (66) 
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q is of opposite sign inside and outside the no-slip hands. For the 
hall to he in equilibrium when rolling freely in a straight groove there 
must be no resultant couple about an axis through the center of the ball. 
Therefore, 



This condition determines the value of r and hence the position of 
the no-slip bands. 


The resistance to rolling is then given by 



Equations (70), (72), (73), and (74) provide a complete solution to the 
tangential tractions, microslip and rolling resistance due to slip in 
any particular situation. 

It follows from the analysis that when the coefficient of friction 
is so high that slip is restricted to a vanishingly small region at the 
trailing edge of the contact ellipse, r = 0.5, that is, the no-slip 
lines are located at x = + 0.5 a Q . For the Heathcote assumption of 
sliding at all points within the contact ellipse except on the no-slip 
lines, r ~ 0.35. From the Heathcote assumption the rolling resistance 
is 


0.080 f.P_ a 2 
k H o 



( 75 ) 
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To determine y for a given application, a value of y lying 
between the extreme values of 0.35 and 0.5 is assumed. Then equation 
(70) gives the amount of slip on each strip. Substituting equations 
(70) and (72) into equation (73) provides a check on whether the value 
of y which has been chosen is correct. Having obtained a value of y 
which satisfies equation (73), the rolling resistance can be found from 
equation (74). Referring to figure 9, Johnson [9] calculated the amount 
of microslip on the contact ellipse for two conditions presented in 
table I for a steel ball rolling freely in a conforming groove. For 
case (a) (fig. 9(a)) slip occurs over a substantial portion of the con- 
tact area. Whereas, for case (b) figure 9(b), the slip is more moderate 
over the contact area, occurring at the trailing end. Johnson [9] 
has experimentally observed microslip areas similar to those in figure 9. 

The effects of rolling with spin were treated by Johnson in [9], 

[18] , and [19] and by Hailing in [ 15] and [20]. Johnson has reported 
that the spinning moments are less for rolling with spinning than for 
spinning alone . He has also shown experimentally that locked regions 
(elastic compliance) do occur to various extents depending on friction 
coefficient, spinning velocity, and rolling velocity. 

In the analysis of roller and ball, there was no consideration of 
the effect of lubricant in the contact area. If a lubricant film is 
present, there are several questions which arise. Among these are, 
can there be regions of elastic compliance or no-slip (locked) regions 
as are illustrated in figures 7 and 9? If such regions exist, are they 
modified by the presence of a lubricant film? While no theoretical, or 
experimental work considering the presence of a lubricant is reported 
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in the literature, it is interesting to speculate as to the effect. 

An elastohydrodynamic film can change both the stress distribution 
and contact geometry for two rolling bodies in contact. Additionally, 
standard lubricants may become pseudosolids under high rolling-contact 
pressure. If this be so, the lubricant may be capable of transmitting 
the shear stresses which are necessary to maintain elastic compliance. 

If, however, the lubricant does not act as a pseudosolid the probable 
condition existing would be that approaching the assumptions of Heath- 
cote [l3] and, for a ball in a groove, y -* 0.35. 

As of the date of this writing both theoretical and experimental 
work need to be performed in this area to determine the effect of a 
lubricant on elastic compliance, to determine the effect of elastic 
compliance on contact stresses; and to determine if a relation exists 
between elastic compliance and rolling-element fatigue. 
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TABLE I. - EXAMPLES OF BALL ROLLING IN A 


CONFORMING GROOVE (ref. 9) 


Example 

(a) 

(Fig. 9(a)) 

0>) 

(Fig. 9(h)) 

Ball Radius/Groove Radius 
(R/p) 

0.948 

0.815 

Contact Ellipticity 
, (^o/^o) 

6.9 

3.1 

Contact Size/Ball Radius 

(a c /R) 

0.103 

0.066 

Rolling Resistance 
Normal Load ’ 



V P H 0 : 

1 


Johnson's Theory 

7.0 X 10" 5 

1.9 X 10~ 5 

Heathcote ' s Theory 

8.5 X 10' 5 

3.4 X 10 -5 













E-3022 


“ball 



Figure 1. - Ball in an angular-contact raceway. 



Figure 2. - Contact ellipse (ref. 5). 
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Figure 3. - Outer race control (ref. 8). 



Figure 4. - Inner race control (ref. 8). 




Figure 6. - Tangential tractions, surface strains, and micro-slip of two cyl- 
inders of unit length under rolling contact (ref. 9). 
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(b) Contact ellipse. 

Figure 7. - Differential slip due to curvature 
of contact ellipse. 



Figure 8. - Tangential tractions on an elemental strip of an elliptical 
contact area for a ball rolling freely in a conforming groove (ref. 9). 




Figure 9. - Microslip on the contact area of a ball rolling freely in a con- 
forming groove (ref. 9). 



